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PAPERS 


ANALYSIS GROUND-WATER LOWERING 
ADJACENT OPEN WATER 


the construction foundations for structures adjacent open bodies 
water, frequently necessary lower the ground water system 
wells. such operations, highly desirable know advance the 
pumping capacity required maintain the drawdown particular elevations 
during normal and high water stages. This information can usually 
obtained with the aid pumping tests and mathematical analyses. 

The purpose this paper present formulas and graphs for the analysis 
ground-water lowering and demonstrate the use such formulas and 
graphs. These mathematical relationships were developed for the purpose 
determining pumping capacities required for dewatering powerhouse site 
adjacent river. 

Two sets formulas have been derived; one for determining the relation 
between required pumping capacity and the drawdown the center well 
installation; the other for determining the relation between the drawdown 
the center the well installation and the drawdown any other point. With 
these formulas possible determine: 


(1) The rate pumping required maintain any desired drawdown with 
various arrangements wells; and 

(2) The change rate pumping required for any change drawdown, 
arrangement wells, water stage. 


order simplify the analysis, well installations have been considered 
circular, rather than having the usual square rectangular arrangement. 


comments are invited for publication; the last discussion should submitted 
June 1952. 


Lecturer Foundation Engineering, Harvard Univ.; Cons. Eng., Cambridge, Mass. 
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DERIVATION FORMULAS 


Basic Formula and Assumptions.—Phillip Forchheimer? has derived (by the 
method images) general equation for the drawdown due pumping from 
series wells adjacent open body water with straight shore line. 
This condition shown Fig. The Forchheimer equation is: 


which the height water surface above impervious boundary; the 
height water surface above impervious boundary prior pumping; 


Location Which 
Drawdown Calculated 


Image Wells 


3, / 


Drawdown Along 
Section A-A 


Impervious Boundary 


(b) ELEVATION A-A 


WELLS ADJACENT OPEN WATER 


location which drawdown calculated the image wells 
respectively; and Ro, the distance from location which draw- 
six assumptions: 

Phillip Forchheimer, Teubner, Leipzig and Berlin, 1930, pp. 82-90. 
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the free surface gravity flow system, the flow horizontal and the velocity 
proportional the slope the free 

(b) The existence steady 

(c) The existence horizontal impervious boundary depth below 
the open water surface; 

(d) homogeneous and isotropic for the pervious stratum; 

(e) Horizontal ground-water surface prior pumping; and 

(f) Pervious well casings penetrating the impervious boundary. 


Drawdown, Feet 


Factor Thousands Square Feet 


Basic Relationship Between Drawdown and Rate Pumping.—By making 
following equation for the total rate pumping obtained: 


From this equation seen that for any arrangement wells adjacent 
open water, the total rate pumping directly proportional 


and, when the drawdown ratio small, the rate pump- 


“Etudes théoriques pratiques sur mouvement des Dupuit, Ed., Paris, France, 
1863. 
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ing (qr) almost directly proportional the drawdown (h). This relationship 
shown Fig. which facilitates estimating the value for various 
values when the value known from observation for one value 
provided that the ratios remain constant. 

Drawdown the Center One Ring shows single ring 
wells. This ring has radius with its center distance from the 
shore line. assumed that the total discharge uniformly distributed 
along the ring among infinite number wells. 


Ring Wells 


Image Center 
Ring Wells 


(a) PLAN 


b(-) 

Ground Water Surface 
Prior Pumping 


Impervious Boundary 


(6) ELEVATION A-A 


Assuming differential distance along the ring, represent one well 
(see Fig. 4), the differential equation for the drawdown the center the 
ring for this one well, from Eq. 


which the height water surface the center the ring above im- 
pervious boundary, the total rate pumping from all wells ring 
assuming other wells are being pumped, and the polar angle the center 
ring measured clockwise from normal the shore line any point 
the ring. 


| 
Wells 
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obtain the effect produced infinite number wells ring, the 
differential term Eq. integrated from This integration results 
the equation the drawdown surface the center: 


or, 
or, introducing the drawdown the center z,): 


follows from Eq. that the total rate pumping from ring 


wells, inversely proportional log, Fig. series curves 


image Well 


Fig. 4.—AssUMPTION WELL DIFFERENTIAL DIAMETER RING WELLS 


computed from this relationship facilitate computation the rate pump- 
ing necessary produce given drawdown the center any size ring 
wells. Fig. represents the total rate pumping when ring only 
used and the total pumping rate when ring alone used. use the 
curves necessary know the required rate pumping that will produce 
the same drawdown from one size ring wells that for the size ring under 
study. 

When necessary vary both the drawdown and the radius, the required 
rate pumping may determined using both Fig. and Fig. 

Drawdown the Center Two More Concentric Rings Wells.—Fig. 
shows two concentric rings wells and II) with radii and having 
common center distance from the shore line. Similar the derivation 
Eq. the equation for the drawdown the center the two rings 
obtained: 


which and are the total rates pumping from rings and II, respect- 
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log. 


This equation shows that for two rings the total rate pumping, 


9 


possible determine, for any desired value the ratio the total rate 
pumping required from two concentric rings wells produce given 


drawdown, provided the rate pumping known for the same drawdown 
when the outer ring being pumped alone. First, antl are the required 
rates pumping when the outer and inner rings, respectively, are being 
pumped alone, the ratio may obtained from Fig. The second step 
requires the use Fig. graph containing series curves facilitating the 
estimation the required total rate pumping from two concentric rings 
operating together. From this figure, the ratio may obtained for 
various values the ratios and Cy. 

The general equation for the total rate pumping for concentric rings 
wells is: 


2 n 


Ratio, 


GROUND-WATER LOWERING 


Rings Wells 


Image Center 
Rings Wells 


(a) PLAN 


Ground Water Surface 
Prior Pumping 


* 
Along 
Section 


Impervious 
Boundary 


(b) ELEVATION A-A 


Fic. 6.—Two Concentric WELLS ADJACENT WATER 


qT 
Ratio, Th 


OPERATING TOGETHER 
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which From this equation seen that the total rate 


1 2 


log. For any specific cases involving more than two rings may 


helpful prepare graphs similar Fig. and Fig. 

Effect Rise Fall Water Stage the Rate often 
desired maintain constant drawdown, despite fluctuations the level 
adjacent open water. Wheresuch fluctuations are very short duration, their 


A 


Proportional Increase, Drawdown 


Proportional Increase, Total Rate Pumping, 


effect the drawdown may negligible. However, when rise fall 
the open water level lasts long enough establish new,steady condition 
flow, change required the total rate pumping the ground-water 
surface desired point remain unchanged. 

the rise fall open water level (AH) equals the change drawdown 
pumping due change open water level, Agr, H/h and 
drawdown ratio h/H, the change the rate may expressed the 
following equation, derived from Eq. 


— 
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Figs. and represent graphical solutions Eq. for rising and falling 
water stages, respectively. When the drawdown ratio small, the rate 
change the pumping rate approximately proportional the rate change 
the drawdown, whereas for higher drawdown ratios the rate change the 
pumping rate larger than the rate change the drawdown. 

Drawdown Curve for Single Ring the procedure used 
deriving Eq. the equation for the drawdown surface along line through 
the center the ring and perpendicular the shore line obtained: 


re 


which the distance from the center the ring location which 
the drawdown calculated. considered positive when the location 
the shore line side the 
and negative when the other 
side, shown Fig. 

Substituting Eq. 11: 
following equation for the re- 
lationship between the draw- 
down and the drawdown 
the center (h,) derived: 


Proportional Decrease, Drawdown 


he = Ww 
(12) 
2p—b 


= 
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For the case which the ring consists series wells widely spaced 
that they can longer considered form continuous ring wells, Eq. 
may evaluated letting: 


For explanation symbols, see Fig. 

Drawdown Curve for Two Concentric Rings manner similar 
that used the derivation Eq. 11, the equation derived for the draw- 
down surface along line through the center two concentric rings and 
perpendicular the shore line: 


ho ry 
which 


From this eauation follows: 
| 
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order determine the drawdown for any point distance from the 
center the rings and distance from the image point the center, the 
same general equation (Eq. 16) applies except for the values that are: 


Within the inner ring the drawdown independent the distance from the 
center the rings (y). Consequently, contour lines the ground-water 
surface within this ring are circles with common center the image 
point the center the well system. 

Nonconcentric Rings Wells with Their Centers Line Perpendicular 
the Shore sometimes necessary dewater two separate areas that 
have their centers line perpendicular the shore line, shown Fig. 10. 
Replacing the actual shape the well installations circles, the ratio between 
the drawdowns the centers the two rings may expressed 


which ring between ring and the shore line, Coja 
the rate pumping from ring the rate pumping from ring 


the distance from the center ring the shore line, and the distance 
between the centers rings and or, solving for 


The ratio the drawdown any point outside the two rings the drawdown. 
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the center ring is: 


which: and are the distance from the location which the drawdown 
being calculated the image point the center rings and respectively, 
and and are the distance the center rings and respectively. 


Location Which Drawdown Calculated 


Ring Wells, 
Ring Wells, 


Ground Water Surface 
Prior Pumping 


Drawdown Along 


Section A-A 


ELEVATION A-A 
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the course his studies, the writer found necessary solve the follow- 
ing problem: Ring has been operation and the required drawdown 
and the rate have been obtained, when pumping from ring alone. 
desired install ring order obtain drawdown h,, its center. The 
required rate pumping for this ring can determined the following 
procedure: 


Solve Eq. for 
Solve the following equation for the rate required for ring when 


(a) PLAN | 
+H | | 
| j 
Boundary 
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ring also operation: 


(21) 


The rate pumping for other arrangements nonconcentric rings wells 
may determined also deriving equations similar those given. 


EXAMPLES DRAWDOWN CURVES 


Typical computed drawdown curves along line perpendicular the 
shore line and through the center concentric rings wells adjacent open 


water are shown Fig. for H/h, 4.5. Fig. are identified 
follows: 


Curve Description 
Drawdown when pumping only from infinite number 
wells outer ring radius 
Drawdown midway between adjacent wells when pumping 
from six equally spaced wells ring radius (See Fig. 
(a).) 


Drawdown directly through two wells when pumping from 
six equally spaced wells ring radius (see Fig. (b).) 
Drawdown when pumping from infinite number 
wells inner ring radius and from infinite number 
wells outer ring radius 
Drawdown when pumping only from infinite number 
wells inner ring radius 


The computed drawdown within the inner ring all cases practically 
plane surface, with slight dip away from the shore line. 


' 1 + Cora 
log. 
Ratio, 
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When single ring consists small number wells only, the drawdown 
curve the vicinity the ring varies from the plane surface. Note Fig. 
that midway between adjacent wells the drawdown, Curve higher than 
the drawdown, Curve for continuous ring wells; whereas the vicinity 
the well the drawdown, Curve lower. the number wells the 
ring increased, the drawdown the well and midway between adjacent 
wells (Curves and respectively), approach the drawdown curve for 
infinite number wells the ring (Curve A). 

Assuming the same drawdown the center, the relative rates pumping 
required produce the drawdown curves, and are follows: 


Relative rate 


Curve Description pumping 
Pumping only from ring with radius 0.274 1.00 
Pumping from ring and from ring 0.81 
Pumping only from ring with radius 0.071 0.60 


The foregoing rates are for particular case. general the ratio between 
these rates pumping dependent only the following: (1) Ratio the 
radius ring the distance from the center the ring the shore line; 
(2) Ratio the radius ring the distance from the center the ring 


Shore Line Shore Line 

p Wells p 
(a) CURVE (b) CURVE 


the shore line; and (3) Ratio between the rates pumping from each ring 
wells, when they are being pumped together. 


ANALYSIS ACTUAL INSTALLATION WELLPOINTS 
ADJACENT RIVER 


The writer made analysis wellpoint installation, consisting 
three stages wellpoints, shown Fig. 13(a), that were used dewater 
power house site sand and gravel adjacent river. The first stage 
wellpoints consisted 148 points average spacing the second 
stage there were 215 points average spacing ft, and the third stage 
had points average spacing ft. For purposes analysis the 
roughly square arrangements wellpoints were assumed circular shown 
Fig. 13(b), with common center and each circle enclosing approximately 
the same area the approximate square replaces. 

Since pumping tests were made this site prior the installation 
the first stage wellpoints, analysis was made until after the first stage 
had been placed operation. This stage, for convenience, called operation 
No. Operation No. consists pumping only from the second stage 
wellpoints and operation No. pumping the total rate from the second 
stage and from the third stage. Observations made each pumping 
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operation were used compute advance the rate pumping required for 
the succeeding operation. The computed rates varied from the actual mea- 
sured rates for operation No. and 14% for operation No. The 
effective coefficient permeability computed from the three operations 
given Table 


First Stage 


Shore Line 


Second Stage 


River 
River 


Third Stage 


(a) ACTUAL INSTALLATION EQUIVALENT INSTALLATION 


INSTALLATION ADJACENT RIVER 


The drawdown curves normal the river for the three pumping operations 
are shown Fig. drawdowns the center the installation and 
the river stages were plotted from actual observations, whereas the remainder 
the drawdown curves were computed. The observed drawdown the 
vicinity the wellpoints varies slightly from the computed value shown 
the figure. These observations indicate that, for operations No. and No. 
the drawdown inside the ring wellpoints was roughly plane surface dipping 
slightly toward the river rather than away from the river indicated the 
analysis. The difference probably due the fact that the pumps for all 
stages were connected the headers the river side the installation and 
consequently, because larger 
friction losses the headers, 
the yield from the wellpoints 
the land side was not large 
that from the wellpoints the Effective (GAL PER MIN) 
river side. Corrections could coefficient 


TABLE WELLPOINT 
INSTALLATION 


number ermeability 
made the computations per min) Error 
drawdown for uniform vari- 
pumping, the variations were 0.083 4546 5180 +14 


considered large enough jus- 
tify the additional computations. 

The drawdown during operation No. point approximately 500 
from the wellpoint installation, was computed within fraction foot 
the actual observed drawdown this point. 

anticipation flood stages the river, curves for this site showing the 
rates pumping required maintain various drawdowns for various river 
stages were prepared. These curves, computed the assumption steady 
flow condition, indicated that the rate increase the pumping rate would 
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about proportional the rate increase the drawdown caused the rise 
the river stage. Observations made during flood stages prior pumping 
indicated that takes about week for the full effect rise the river stage 
reflected the ground water this site. Consequently, the river stage 
would have remain constant for this same length time before condition 
steady flow reached. 


337.5 


Original Ground Surface 


Stage Wellpoints 


2nd Stage 


Elevation, Feet 
> 


No. 
Ground Water Surface No. 
for Dewatering Operation 


frag 
+ 


Boundary 


3rd Stage Wellpoints 


Several high-water river stages occurred the site during the course 
construction, including floods about above normal. all cases, from 
four days week were required before condition steady flow was reached 
after sudden large change river stage. However, whenever steady flow 
condition existed the measured pumping rates were almost identical with the 
computed values. 


Many simplifications are required the assumptions upon which this 
analysis based, order that simple, workable formulas can derived. 
Consequently, errors 10% 15% are expected estimates 
rates pumping and drawdowns. The writer, however, believes that 
computed estimates within these limits are desirable all large well in- 
stallations. 
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